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ABSTRACT Asymmetrical (one-sided) application of penetrating water-soluble polymers, polyethylene glycols (PEGs), to a
well-defined channel formed by Staphylococcus aureus a-toxin is shown to probe channel pore geometry in more detail than
their symmetrical (two-sided) application. Polymers added to the cis side of the planar lipid membrane (the side of protein
addition) affect channel conductance differently than polymers added to the trans side. Because a satisfactory theory
quantitatively describing PEG partitioning into a channel pore does not exist, we apply the simple empirical rules proposed
previously (Krasilnikov et al., 1998, J. Membr. Biol. 161:83-92) to gauge the size of pore openings as well as the size and
position of constrictions along the pore axis. We estimate the radii of the two openings of the channel to be practically
identical and equal to 1.2-1.3 nm. Two apparent constrictions with radii of ~0.9 nm and ~0.6-0.7 nm are inferred to be
present in the channel lumen, the larger one being closer to the cis side. These structural findings agree well with
crystallographic data on the channel structure (Song et al., 1996, Science. 274:1859-1866) and verify the practicality of
polymer probing. The general features of PEG partitioning are examined using available theoretical considerations, assuming
there is no attraction between PEG and the channel lumen. It is shown that the sharp dependence of the partition coefficient
on polymer molecular weight found under both symmetrical and asymmetrical polymer application can be rationalized within
a “hard sphere nonideal solution model.” This finding is rather surprising because PEG forms highly flexible coils in water with
a Kuhn length of only several Angstroms.

INTRODUCTION

lon channels are usually composed of one or a few integra¢t al., 1995; Villarroel et al., 1995; Bullock and Kolen,
membrane proteins surrounding a central water-filled pore1995; Korchev et al., 1995; Bezrukov et al., 1996; Bezrukov
Pore geometry is crucial. Together with the fixed chargeand Kasianowicz, 1997; Desai and Rosenberg, 1997; Kaulin
distribution, it mainly defines conductance, selectivity, andet al., 1998; Ternovsky and Berestovsky, 1998).
other transport properties of the channel. While electron A novel refinement of the polymer exclusion method
microscopy and x-ray diffraction are the primary methods(Sabirov et al., 1991, 1993; Krasilnikov et al., 1992) sug-
used for determination of channel structure, multiple diffi- gests that not only can the size of each channel opening be
culties inherent in these methods restrict their accuracyestimated, but that the presence, size, and apparent local-
Most importantly, in both methods channels can be signifization of structural constrictions inside an ion channel
icantly distorted either by fixing proteins to a surface or bywater pore can also be inferred (Krasilnikov et al., 1998).
assembling them into a crystal. In contrast, electrophysioThe method relies on the effect of asymmetrically applied
logical methods reveal conductance and selectivity of chanpolymeric nonelectrolytes on channel conductance to esti-
nels under conditions that are very close to those in vivo anghate parameters of channel pore geometry. Here we test the
thus give additional important information about the prop-validity of such an interpretation with a heptameric trans-
erties of a channel lumen in its native states (Hille, 1992)membrane channel formed btaphylococcus aureus
This information can be further enhanced by combiningy-toxin (a-hemolysin) in a planar lipid bilayer. This chan-
electrophysiological measurements with new physicahe| is chosen because its structure has been determined to
methods developed to probe channel structure. Among thg 19-nm resolution (Song et al., 1996), and it is well studied
newer approaches is the use of water-soluble neutral polys|ectrophysiologically, including a number of estimations of
mers (Zimmerberg and Parsegian, 1986; Sabirov et alits pore size in biological and model membranes.
1991, 1993; Krasilnikov et al., 1992; Vodyanoy and  staphylococcus aureus-toxin is a 293-residue single-
Bezrukov, 1992; Bezrukov and Vodyanoy, 1993; Parsegiarhain protein with a molecular mass of 33.2 kDa (Grey and
Kehoe, 1984). In a native form it is a water-soluble mono-
Received for publication 11 May 1999 and in final form 30 August 1999.mer that “”qergoes Conformatlonal_ trans_formatlon during
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generally accepted now that transmembrane pore formatioons from open to closed states. Other chemicals were analytical grade and
is a main mechanism by whiaktoxin damages target cells. Were used without additional purification.

Seven molecules af-toxin form the transmembrane chan- Hydrodynamic radii of nonelectrolytes established in previous studies
nel (Gouaux ot al 1994) (Sabirov et al., 1991, 1993; Krasilnikov et al., 1992) are as follows: .43

0.03 nm for PEG200; 0.6 0.03 nm for PEG300; 0.7 0.03 nm for

The apparent radius of the channel pore was originally>EG400; 0.8+ 0.04 nm for PEG600; 0.94= 0.03 nm for PEG1000;
inferred (Bhakdi et al., 1984; Walev et al., 1993; Jonas etL.05= 0.03 nm for PEG1450; 1.22 0.03 nm for PEG2000; 1.44 0.03
al., 1994; Menestrina, 1986; Krasilnikov et al., 1988; 1992:nm for PEG3000; 1.63- 0.03 nm for PEG3400; and 2:1 0.03 nm for

Korchev et al., 1995: Bezrukov et al., 1996; Bezrukov and” 4600 These values are in good agreement with the *equivalent sphere
radii” obtained by a quite different method, size exclusion chromatography

Kasianowicz, 1997) to be in the 0.5-1.4-nm range in bio-y 4 1981), e.g., 1.27 nm for PEG 2000, They are also in accord with the
logical membranes and in the 0.5-1.3-nm range in lipidresults on PEG hydrodynamic radii deduced from diffusion coefficients by
bilayers. More recently, an x-ray diffraction study of a Couper and Stepto (1969). Using their result for PEG1540 and correcting
crystal form of a-toxin heptamers (Song et al., 1996) it by a factor of (2000/1548%, we obtain 1.31 nm for PEG2000.

showed that the pore is a solvent-filled channel, 10 nm in Bilayer lipid membranes (BLMs) were formed at room temperature

| h. with di h . f 0.7 23 (25 = 2°C) by the method of Mueller (Mueller et al., 1963) from a
ength, with a radius changing from 0.7 nm to 2.3 nm. phosphatidylcholine-cholesterol mixture (3:1, by mass). A 2% lipid solu-

Here we present evidence that further demonstrates th@n in n-decane was used to form bilayers. Double-distilled water was used
capabilities of the polymer-probing approach. We compareo prepare all buffer solutions. Unless stated otherwise, the standard solu-
the channel geometry deduced from the polymer-induceﬁ'on used in the bilayer experiments contained 0.1 M KCl and 5 mM Tris
changes inx-toxin channel conductance for asymmetrical at pH 7.5 adjusted with 1.0 M citric acid. To keep the ion/water molar ratio

| licati ith th t btained f th constant, polymers were added to the standard KCI solution to 20% (w/v)
polymer application wi € geometry obtained irom econcentration. The conductivity of each solution was measured with a Hi

crystallographic data. As we discuss in the concluding secgo33 (HANNA Instruments) multirange conductivity meter at 25°C. Ex-
tion, the physics of polymer partitioning in the channel poreperiments were carried out under voltage-clamp conditions. tfaes

is not well understood, even in the case of symmetricafompartment was connected to virtual ground through an operational
(equilibrium) polymer application. Nevertheless, rer.nark_amphﬁer in current-to-voltage configuration. Negative40 mV) voltages

. . .. . were applied to theis compartment of the chamber on the side of the
ably, by applying simple empirical rules to single-channel _ .. " ..

conductance data, we deduce several features of pore ge-a final concentration ofa-toxin was~4 ng/ml. Current signals were
ometry that are in good agreement with the crystallographienonitored with a storage oscilloscope (model 201; Nicolet Instrument
data of Song et al. (1996). We find that while radii of the Corporation) and recorded with a strip chart recorder (Hewlett Packard

channel openings at both ends are nearly equal (1_2_1_7:9158 X-Y Recorder). Current traces were read by hand, and single-

nm) the pore size changes asvmmetrically alond the Or(éhannel conductances were estimated by dividing the single-channel cur-
! p 9 y y 9 P rent by the applied transmembrane voltage. Histograms of the events under

axis, with two ap_parent constrictions 0f0.9 nm and 4 experimental conditions demonstrated a large main pool and two
~0.6—-0.7 nm radii. relatively small pools of conductance steps. The least-squares method with
Recently, an atomic force microscopy study by Czaj-a minimum random search algorithm (Eler, 1972) was used to characterize
kowsky et al. (1998) gave evidence for a hexameric StOi-the histograms by a sum of three normal distributions. The mean value of
. . . - . the main pool of the channel conductance obtained as the best approxima-
chiometry of a-toxin channels in phospholipid bilayers. P op

. . tion was used for the subsequent analysis.
These authors conclude thattoxin can form two different To estimate the size of two openings of an ion channel as well as the

energetically stable oligomers. It would be tempting topresence and the apparent localization of constrictions inside an ion chan-
apply our technique to discriminate between the two. Un-el water lumen, a recently developed empirical approach (Krasilnikov et
fortunately, the direct comparison of the structural features!-» 1998) was used. The filling of a single channel by differently sized

. . I i lectrolytes f thas (that is, the side of toxin additi
of the pore deduced from polymer probing described her&°!YMeric nonelectrolytes from thes (that is, the side of toxin addition)
and from thetrans opening was examined in separate experiments. Dif-

with the hexamer pore is problematic because oligomers Oftarently sized polymers were applied from one side of the membrane, while
different size may differ by the subunit structure as wellthe impermeant large polymer (PEG4600) was added to the other.
(Czajkowsky et al., 1998)_ To deduce pore structural features we introduce the polymer filling
factor, F(w), which describes the ratio of the pore length that is accessible
to a polymer of a given molecular weight, to the total pore length.
Under equilibrium conditions (symmetrical application of polymers) a
MATERIALS AND METHODS filling factor of 1.0 would correspond to equipartitioning, that is, to a large
pore in the presence of small polymers that occupy all of the volume of the
Staphylococcus aureustoxin was a generous gift of Dr. K. D. Hungerer pore with a concentration equal to that in the bulk. It should be stated here
(Behringwerke Laboratories, Marburg, Germany) and Dr. H. Bayleythat even under equilibrium conditions there is no reliable theory that
(Texas A&M University). Pure phosphatidylcholine (Type V-E) and cho- describes partitioning quantitatively when the sizes of the pore and the
lesterol were purchased from Sigma. The polymeric nonelectrolytes wer@olymer are comparable. In the particular case of RE®Xin channel,
polyethylene glycols (PEGs) of different molecular weights: PEG200, partitioning can be complicated by direct polymer/pore interactions
PEG300, and PEG400 (Sigma); PEG600 (Riedel de Haen); PEG1000 an@ezrukov et al., 1996; Bezrukov and Kasianowicz, 1997), as has been
PEG1450 (Sigma); PEG2000 and PEG3000 (Loba Chema); and PEG34Gen in recent measurements of attractive forces between proteins and
and PEG4600 (Sigma). Polymers were additionally purified by anion-end-grafted PEG chains (Sheth and Leckband, 1997). A further complica-
exchange chromatography, using strong alkaline anion exchangers (Il dion is that with the asymmetrical PEG application used in the present
IV; Merck) to remove contaminants that decrease the stability (lifetime) ofstudy, polymer partitioning is nonequilibrium in nature, e.g., there is a net
black lipid membranes and increase the probability of ion channel transiflux of polymers through the pore. For these reasons, to estimate the filling
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factor F(w), we will use several strong simplifying assumptions. We will RESULTS
assume that

1. The effect of polymers on bulk electrolyte conductivity and pore Channel conductance in the presence of PEG at
conductance is the same and can be related to the average polymeiane of its openings
concentration in the bulk and in the pore.

2. Polymers that are smaller than the pore opening fill the pore to the/Vhen a-toxin was added to the aqueous phase bathing a
same concentration as in the bulk all the way to a constriction and do nobilayer lipid membrane, stepwise increases in current were
fill any of the pore behind the constriction if the constriction radius is ghserved (Fig. linse). These steps reflect the formation of
smaller than the polymer hydrodynamical radius. _individual channels. At pH 7.5 most of these conductance

3. The deviati f th h fi impl | lind .
€ deviation of he pore shape from a simp'e reguiar cyinder 15qiq s \vere directed upward; the downward steps corre-
much more significant for polymer partitioning than for the pore geomet-

rical conductance factor per se. That is, rather than solving the foIIowingSpond'ng to channel closing events were deteCt_ed only
inverse problem of finding the pore radic) as a function of coordinate ~ farely at a transmembrane voltage-640 mV. The histo-

x along the pore axis from pore conductangéw), in the presence of gram shown in Fig. 1 represents the conductance step values

polymers of different molecular weighty, for these unitary events. It is seen that channel conductance
is nonuniform. The most frequent value was observed in the

L dx ! range of 80—120 pS. The small lower pools could be a

gw) = , (IM)  reflection of noncomplete opening of the channel or/and

r2(x) y(w, X
0 Oox(w, X) slight (invisible in Coomassie-stained 10% polyacrylamide

gels run in the presence of sodium dodecyl sulfate; data not
whereL is the pore length ang(w, X) is the local electrolyte conductivity, ~Shown) contamination of nicked toxin, which usually forms
which depends on both polymer weight and coordinate, we simplify thea low-conductance channel (Krasilnikov et al., 1997). These
problem as follows. Using assumption 2 and considering the changes ifhw-conductance pOOlS were ignored and were not analyzed
X(w, ¥ to be much larger than changesrfifw), we write further. The mean value of the single-channel conductance
in the main pool was determined to be 10%53.2 pS (0.1
M KCI) and was used in the subsequent analysis.
(2M) : :
To gauge the size of each entrance ofdh@xin channel
and to probe the geometry of the channel lumen, we mea-
where x(w) is the solution conductivity of the polymer-accessible part of syred the channel conductance with polymeric nonelectro-
the pore, is the solution conductivity in the absence of polymers (for the Iytes added to theis or trans side of the membrane. These
solution that fills the part of the channel that is polymer-inaccessible), an({wo additional groups of histograms were analyzed analo-

r is the effective pore radius. Ifi, is the channel conductance in the . .
presence of impermeant polymegs, = m2y,/L, then from Eq. 2M we gously to the control in Fig. 1. Mean conductances of the

U S
9w = x(W) Xo ’

obtain (Krasilnikov et al., 1998) main pools in the presence of a test polymer oncihégc‘s)
ortrans (g™ side of the channel are presented in Table 1. To
(9o — g(W)) x(w) complete the data set, we also include the values of the channel
F(w) = Ot — x(W)gW)* (83M)  conductance in the presence of polymers on both sides of the

membraned®™.

All three simplifications that we adopt here are severe. However, as will
be shown below, they allow us to deduce several conclusions about the
a-toxin channel pore geometry that are in surprisingly good agreement
with the x-ray structural data.

The first assumption seems to be the least restrictive one. At the same
time it is worth mentioning that the detailed quantitative mechanism by
which water-soluble polymers decrease electrolyte solution conductivity is
not understood (Berezhkovskii et al., 1999). Several complications (e.g.,
due to the pore-induced change in polymer configuration/orientation in
comparison to the bulk) are easily envisioned. The second assumption is
severe, indeed. It is quite clear that it generally does not hold, even for hard
spheres (hard sphere partitioning is very sensitive to the size of the cavity
and is greatly reduced if the sphere radius is close to the cavity size). We Conductance, pS
will return to this in the concluding section of the Discussion. The third

assumption is very strong too, but, in our opinion, in the absence of any-|GURE 1 The amplitude histogram of conductance steps induced by
theoretical work in this direction, it is justified as a starting point. a-toxin in voltage-clamped €40 mV) phosphatidylcholine-cholesterol

Additional complications include corrections for the PEG-induced (1:1 py mass) membranes formed by the method of Mueller et al. (1963)
changes in ion activity (e.g., the single-channel conductaj¢should be  jn 0.1 M KCI, 0.005 M Tris-citrate (pH 7.5). The bin width is 6 pS. More
measured in the polymer-free solution with the electrolyte concentrationhan 200 events were observed (five to seven channels per membrane).
increased to account for PEG-bound water) and for the access resistang@xotein was added to thiés-compartment. The single-channel conductance
as was done for the equilibrium partition coefficient with symmetrical distribution was fitted with a sum of three normal distributiofis€ line).
polymer application (Bezrukov and Vodyanoy, 1993; Bezrukov et al., The mean value of the main podidavy ling¢ was used in our analysis. A
1996; Krasilnikov et al., 1998). These two effects are ignored here becausgpical single-channel recording is shown in the inset. The dashed line
they are small and partially compensate for each other and, therefore, dadicates the zero current level, and the arrow shows the addition of the
not influence the deduced filling factor substantially. toxin to a final concentration of 1-2 nM.

Probability, P
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TABLE 1 Channel conductance and solution conductivity (0.1 M KCI) as changed by PEG addition
X r gboth, Ni Vrev gcis’ Ni gtrans; Ni
(mS/cm) (nm) (N) (mV) (N) (N)
1 Control 12.95 107.5- 3.1; 157 (230)
2 Glycerol 7.10 0.308 55.1 6.5; 106 (228) 3.5 0.7 71.6+ 3.7; 120 (213) 72.7t 5.6; 129 (234)
3 PEG200 6.15 0.430 494 3.6; 328 (405) 2.6:0.6 69.1+ 5.3; 175 (311) 65.0- 5.2; 310 (473)
4 PEG300 6.00 0.600 5048 7.4; 191 (265) 1.9-04 75.8+ 5.5; 225 (469) 52.5+ 5.0; 207 (278)
5 PEG400 5.92 0.700 534 5.7; 214 (431) 1.6- 0.3 75.1%+ 3.7; 40 (5) 68.9+ 3.9; 63 (156)
6 PEG600 5.95 0.780 574 3.5; 74 (157) 1.5+ 0.3 75.1* 5.1; 185 (464) 69.0+ 3.2; 95 (340)
7 PEG1000 5.72 0.940 5946 5.1; 141 (184) 1.6: 0.2 75.9+ 5.8; 115 (475) 73.7 7.4; 263 (465)
8 PEG1450 5.70 1.050 68 5.2; 190 (218) 0.5- 0.2 81.5+ 5.1; 112 (212) 83.1 4.4; 136 (443)
9 PEG2000 5.71 1.220 919 6.0; 300 (371) 0.3 0.2 100.0+ 4.8; 141 (163) 104.2= 6.5; 108 (142)
10 PEG3000 5.73 1.440 1056 3.2; 121 (361) 0.3 0.1
11 PEG3400 5.66 1.630 1058 4.4; 155 (204) 0.0 105.5 4.2; 136 (179) 104.6= 7.6; 97 (154)
12 PEG4600 5.65 2.100 1064 7.3; 141 (220) 0.0 106.4 7.3; 141 (220) 106.4- 7.3; 141 (220)

x (mS/cm), solution conductivities measured with accuracy 06f5%;r (nm), hydrodynamic radii of nonelectrolytes obtained by viscometry (Sabirov et

al., 1991; 1993; Krasilnikov et al., 1992Y,., (mV), transmembrane potentials appearing at a zero current through the system when a given PEG (or
glycerol) was in contact with one of the channel openings while the other opening was in contact with PEG4600. The sign was positive in the
PEG4600-containing compartment. Single-channel conductances (pS) are expressed:asSelipis the number of the single channel events counted

in the main pool that was obtained from the computer analysis of the histogram as described in Materials and Niettioelsumber of the single channel

events counted in the whole histogragh®" was obtained in the presence of the same nonelectrolyte at both sides of the fifyeas measured in the
presence of a given nonelectrolyte at tigside of the bilayer while PEG4600 was present atitaes-side, andy™"*refers to the conductance measured

in the presence of a given nonelectrolyte attiia@s-side of the bilayer while PEG4600 was present atdiseside. Because of the presence/qf, in those
asymmetric systeng® andg@"swere calculated as follows™ = 1/(V,, + Vie)); 97" = Io/(V,, — Vo), Wherel, is the value of the current passing
through the channeV,, is the voltage difference applied to lipid bilayers.

One can see that for PEGs with molecular weightslarger hydrodynamic radii were used, we observed signifi-
smaller than 1000g° is always larger thag"@"S Two  cantly different values foF® and F'@" indicating asym-
conclusions can be drawn from this observation. Firstmetry in thea-toxin channel geometry. In both cases the
a-toxin channels insert not in a random but in an orienteddependence of filling on the hydrodynamic radius of PEG
manner. A similar conclusion was reached much earlieshows a biphasic behavior, which, in the case of a cylindri-
from analysis of single-channel current-voltage curves exeal geometry, suggests the presence of a constriction(s) in
hibiting a significant asymmetry in a certain pH range the channel lumen.

(Krasilnikov and Sabirov, 1989). Second, this indicates an
asymmetry in the structure of the channel water pore. Start- .
ing from the smallest PEGs (PEG200 and PEG300), algeometrlcal features of the channel pore from

increase in PEG hydrodynamic radius leads to a regula?'s' and trans-filling experiments

increase ing™ as well agy™" The PEG size at which the Because several theoretical issues concerning polymer par-
polymer-induced effect saturates is close to PEG2000 initioning into a channel pore are still unresolved, even in the
both cases. Thus the “cutoff’ size for polymer penetration
into the channel pore is about the same for the two openings,
indicating that the radii of the twa-toxin channel openings
are very similar.

While the data presented in Table 1 can be used directly
to estimate the apparent sizes of the channel entrances, w@ ™
will rather analyze the dependence of pore filling on poly- =
mer hydrodynamic radius. The filling of the channel pore
with polymers presented in Fig. 2 was calculated from the
channel conductance as described in Materials and Meth-
ods. As expected, the fillindgs, is dependent on the hydro- 0 0:5 1 15 P
dynamic radius of polymer molecules. In both cases maxi-
mum values of-, observed in the presence of the smallest
nonelectrolyte, are close to 0.6. In this case there iS N@GURE 2 Dependence oF® (O) and F"=" (M) for asymmetrical
constriction inside the channel lumen that is narrow enougladdition of polymers to theis and trans sides of the cell on polymer
to stop the flux of glycerol molecules through the pore. It ishydrodynamic radii. The values 6° and F"**for each polymer were
natural to expect that the average concentration of g|ycercﬂalculated as described in Materials and Methods. The error bars are equal

. . to or smaller than the symbols used. Arrows indicate the radii values at
in the pore would be half of that in the bulk, so that the critical points. Division of F°S and F""s dependences into plateau and

formal appliqation of Eq. 3M would give 0.5, which is C|0S§ slope segments was made by eye; these segments then were fitted by
to the experimentally obtained value. When polymers withzero-order and first-order regressions, correspondingly.

0.6

o ’._cls 1
. Frans

0.2

Fi

Hydrodynamic Radius, nm
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case of symmetrical equilibrium conditions (see Materialsbe divided into four regions approximated by four straight
and Methods and the last section of Discussion), in thdines. The first (fromright to leff) line fits an extended slope
following two sections we will follow a purely empirical observed for molecules, the radii of which varied from 0.8 nm
approach (Krasilnikov et al., 1998). to 1.22 nm. The interception between this line and the lowest

In the cisfilling experiments the lowest level of filling invariant part of the dependence indicates the radius (1.24 nm)
(F®s ~ 0) is observed for the largest PEG used. Moleculef the trans opening of the channel.
with radii larger than 1.22 nm do not enter the channel from In the range of sizes between glycerol and PEG308 (
thecis entrance at all. It can be seen (Fig. 2) that a decreas@.31—-0.6 nm), for the reasons that we do not kn&#?"s
in polymer size leads to a progressive, but biphasic, increasand F°'® differ qualitatively. Whilecis-filling still grows as
in filling. This behavior suggests that the size of the channeprobing molecule size decreasésnsHilling saturates to
pore does not change smoothly frasis to trans opening.  its maximum value at the size of PEG300. The biphasic
Three straight lines can fit this part of the dependence (fronfeatures of theransHfilling are poorly expressed. Among
right to leff). The first line fits a pronounced slope observedthe tentative conclusions would be the existence of the main
for molecules, the radii of which varied from 0.9 nm to 1.22 constriction of 0.7 nm radius. Its position along the pore
nm. The second line fits a relatively long plateau of theaxis would be predicted as close to ttie opening of the
dependence witk®S = 0.36. The third line fits the slope of pore because of the high filling value-0.4) at this radius.
the dependence that is measured for molecules with sizddowever, if not for just one point (PEG600), the curve
between those of glycerol and PEG300< 0.31-0.6 nm) would be described by a simple, smooth transition between
when filling increases from 0.36 to its maximum value of complete exclusion and maximum filling. Therefore, the
0.6. For these small sizes there is a pronounced unidiregeasoning applied above to tes-filling data seems to be
tional flow of polymer molecules through the channel, par-too risky in this case.
titioning is highly nonequilibrium, and, as a consequence,
Eq. 2M is not applicable.

Based on our assumptions (see Materials and MethodsPummary of a-toxin channel probing with
we argue that the interception between the first line that fiteutral polymers

the slope of the falling part ¢¥*° dependence and its lowest oy simplified analysis of the single-channel conductance
invariant part £ ~ 0) gives the radius (1.26 nm) of the i, the presence of polymeric nonelectrolytes allows us to
channelcis opening. The interception between the first andconclude that radii of the two openings of the channel are
second lines (0.9 nm) gives the radius of the first CO”S”iC‘practically equal and close to 1.2—1.3 nm. We also infer that
tion as seen from theis side opening. Polymers of this and the channel has a main constriction with a radius-6t6—
smaller sizes fill the part of the pore between this and they 7 nm. From thecisdilling experiments we predict the
second (with a smaller aperture) constriction, with partition-presence of the second constriction (with~ 0.9 nm),

ing independent of their size. Their size gets smaller thagyhich is situated between theis opening and the main
the aperture of the second constriction at the intersection gfgnstriction.

the second and third lines at 0.6 nm.

Thus we first deduce the decrease in the channel radius
from ~1.25 nm to~0.9 nm; then after this point, the radius DISCUSSION
stops decreasing until the main constrictior<( 0.6 nm) is . .

. . L Probing with polymers versus

reached. The presence of a relatively long intermediate invari- .
ant part of the dependence wili'® = 0.36 means that mol- crystallographic data
ecules of PEG with hydrodynamic radii varying from 0.9 nm Let us compare our findings with crystallographic data on
to 0.6 nm are equally effective in filling the channel pore. Theirthe channel structure (Song et al., 1996). The authors divide
penetration along the pore axis is restrained by the majothe channel structure into three domains, two of which, Cap
constriction. The relative position of this constriction, as seerand Stem, form the channel openings defined, respectively,
from thecis side opening, can be approximately estimated byas cis and trans in our study. The channel pore length is 10
the ratio of filling value for this plateau and its maximum value nm and the radius of theis opening is~1.4 nm. At~3.5
(Krasilnikov et al., 1998) as 0.36/0:6 0.6. nm from thecis opening the channel pore reaches its max-

In thetransHilling experiments polymer partitioning also imum radius of 2.3 nm. The narrowest part of the pore, with
shows biphasic behavior (Fig. 2), although it is much lessa radius of~0.7 nm, was established to be near the channel
expressed. As in the caseaiilling experiments (see above), center. It was also found that in the stem region, the pore
molecules with radii larger than 1.22 nm do not enter theradius varies from 0.7 to 1.2 nm, depending on the volume
channel from thdrans opening at all E"@"~ 0). Complete of the side chains that protrude into the 1.3-nm-radius
polymer exclusion from the pore is observed for almost thecylinder. Just from this description of the channel one can
same PEGs as for thasHilling. This demonstrates that the see a significant likeness with the geometrical features
size of thetransopening is close to the size of thisopening.  established in our study.
Again, a decrease in polymer size leads to a progressive To make a detailed comparison, it is necessary to recon-
increase in filling. The decreasing part of the dependence castruct the complete profile of the pore radius along the
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channel axis. Data by Song et al. (1996) were used for the Thus, despite gross simplifications made in the interpre-

radius estimates in the following way. The sizes of tiee tation (see Materials and Methods), polymer probing leads

opening, widest and narrowest parts of the channel, wert very reasonable estimates of the pore structural features.
taken directly from Song et al. (1996). The radius of thelt gives radii of the openings and two constrictions that are

stem region was calculated at 0.55-nm intervals along thén good agreement with the crystallographic data. However,

channel axis, starting from the first side chains that protrudehe apparent positions of the constrictions can be estimated
into the interior of theB-barrel stem. The 0.55-nm interval only qualitatively.

is equal to the distance between such neighboring side

chains of the3-strands, which are tilted with respect to the

barrel axis at-38°. For each point the radius was taken to .

be equal to the difference between the maximum value of\ccess resistance

the stem radius (measured framcarbons ofg-strands to  The possible influence of channel access resistance on the
the pore center) and the mean size of two side chains at thi§zes inferred from polymer probing (Bezrukov and Vod-
position. The size of the other part of the channel lumen waganoy, 1993) was analyzed previously (Krasilnikov et al.,
taken from analysis of the sagittal section of the channelggg). |t was shown that access resistance can change the
presented by Song and co-authors in their figure 4. The finaly yerimentally observed amplitude of ion channel conduc-
results of such analysis of the crystallographic structure ofynce variation versus hydrodynamic radius of polymers but
the a-toxin channel together with the geometrical featuresyoes not significantly affect the principal features of the
of the channel lumen obtained from our experiments argenendence and, thus, the deduced radii of crucial points of
presented in Fig. 3. Consriction positions for the geometry, s channel lumen. In the case of titoxin channel under
deduced from polymer probing are taken to coincide withy,e ¢onditions of our experiments, the access resistance is

those obtained from the crystallographic data. smaller than the channel resistance itself byO times.
STherefore, the contribution of access resistance is negligible

deduced from the polymer probing are in good accord wit see also Bezrukov et al., 1996).

the crystallographic data. We have obtained a value for th
radius of thecis opening equal te-1.3 nm, and itis 1.4 nm

according to the crystallographic study. We have inferred
that the minimum radius of the channel is 0.6—0.7 nm; thisStreaming potential

value is close to that obtained from the crystal structureWhen 2 livid bilaver modified bve-toxin separates wo
Both approaches show the presence of the intermediate P Y w P

constriction between thes opening and the main constric- solutions, pOth contginipg 20% PEGs but of different.mo.—
tion, with a radius~0.9 nm. Polymer probing predicts that lecular weights, a significant transmembrane potential is

between the intermediate and the main constriction the porgbserved. The value of th's potential depends on the osmotic
radius should be=0.9 nm. Crystallography demonstrates thatPressure difference applied to the channel (Table 1). It can

at this part the channel pore has a widest bubble-like cavity.?€ S€en that smaller polymer molecules that correspond to
higher osmotic pressure differences (Parsegian et al., 1986)

induce a higher transmembrane potential. The negative sign

2 was always at the side containing the smaller PEG. This
g 1.5 v asymmetry-induced transmembrane potential was taken into
c o1 @m""'f'ﬂ""'?] account in calculations af®® and g"™"s
% 0.5 General considerations show that the observed transmem-
2 o0} Cis Trans brane potential is a sum of at least three components: 1)
o -0.5 streaming potential produced by solution flow through the
g -1 channel, 2) potential generated by the salt gradient originat-
5-15 ing as a result of dilution (concentration) in an unstirred

-2 layer from the side of a higher (lower) osmotic pressure due

to unidirectional flow of water through the lipid bilayer
(Pohl et al., 1997, 1998), and 3) potential generated by a
Channel Length, nm possible difference in the bulk KCI activity at opposite sides
FIGURE 3 The apparent radius of thetoxin channel pore along the o.f the membrane. We have found that the addition of
pore axis from crystallographic and polymer probing studies. Channefjlﬁerent PEGs used in our StUdy Changes the bulk KCI
length is shown in nanometers, starting from tieeopening. Symbols{®, activity, but the difference is relatively small and cannot
[) joined by solid lines mark the approximate profile of the pore deducedexplain the observed value of the transmembrane potential.

from analysis of crystallographic data of Song et al. (1996) for Cap and-|-huS contribution 3) is negligible. However, at this stage we
Stem regions. Striped lines visualize the pore profile from polymer prob- annot separate components 1) and 2). The sign and mag-
ing. Only relative positions of the two main constrictions could be deducedc P P ’ 9 9

(see text), so their coordinates were taken to agree with crystallographi@itUde_ O_f the pOtentiall are consistent with a moderate anion
data. Arrows indicate key points of the pore geometry. selectivity of thea-toxin channel.
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Influence of pH and high KCI concentrations on proposed that, at high concentrations, PEG could bind to
the hydrodynamic radius of PEG hydrophobic sites of proteins. This assumption is supported

. L _ . by the fact that PEG is essentially nonpolar (Hammes and
In experiments with ion _channels mvestlgators often useSchimmeI, 1967; Ingham, 1977). Recent measurements
large &1,0 M) concentrations of electrolytes to increase the(Sheth and Leckband, 1997) using the surface force appa-

signal-to-naise ratio. To evaluate the effects of tltr":ltableratus showed a pronounced attraction between streptavidin

residues on ion channel properties, studies are also PeLiq end-grafted PEG chains

f(?]rmed ?r: c:ﬁ{Erentfprtle\;elsH F_or exe:jﬁ:ple,brecengy _'t V‘tlss Remembering that the channel surfaces that are in contact
shown that Ihe efiect of pH 1S readily Observed In the,, ., \ater (area of openings and the lumen) are usually a
polymer exclusion experiments demonstrating an ac'd'ty'mosaic of charges and that PEG avoids charged species

dependent shiit n the _apparent size of ion channel Lee and Lee, 1981), it is plausible to assume that attraction
(Bezrukov and Kasianowicz, 1997). It is usually assume f PEG to the ion channel lumen will increase with ion

that PEGs conserve th?'r hydrodynam|c charactenstics as?trength. The first direct evidence of this interaction was
different salt concentrations and different pH levels. found recently (Bezrukov et al., 1996) from analysis of

Because no data_ about pH or L1 salt influence on h_ylow—frequency spectral density of thetoxin channel cur-
drodynamic properties of PEG solutions could be found iNcant noise in the presence of differently sized PEGs at 1 M

the literature, we have studied their viscosity at different pHNaCI In polymer-probing experiments the attraction has to
levels and salt concentrations. Our results demonstrate that tiE)% séen a§ > 1.0, especially in the presence of PEG at

hydrodynamic radius of PEG only weakly increases, if at all,
with pH. The radius of PEG3400 was determined to be equ
t01.62* 0.15nm at pH 3.0 and to 1.650.16 nm at pH 10.0. al., 1997: Bezrukov et al., 1996).

The destapilizing effects of high c_oncentrations of 2:2 Because of the importance of the subject we examined it
electrolytes (like MgS@) on PEG solutions are well known further. The KCI concentration was raised to 1.0 M. Other-

(Lee and Lee, 1981). Itis interesting to see if effects of thISWise, the protocol of the experiments was identical to that

:('?d Call\;: be m_duce(_j by htlgh conrcientranotnsblgfhl:é ?rlle(itm'used in the case of 0.1 M KCI. At the high concentration of

ix:rtsa.aseeizrilswcllqgcovr:f:((:a(r)w?z;{c’io\év?n dj(\:ISS ZS:meljl gecre:seai ermeant electrolyte considerable attraction between PEG

. ) nd the channel could easily be seen (Fig. 5): the calculated

the hydrodynamic radius of PEG. For PEG1500 ann(Q y (Fig. 5)
I

oth sides of the membrane. Indeed, such an effect was
epeatedly reported by several groups (e.g., Krasilnikov et

) T alues of the channel filling significantly exceed 1.0 for at
PEG4000 such dependencies are presented in Fig. 4. u Hing signl y 8X

that the | the PEG molecul ioht. the st ast several PEGs. In agreement with the arguments above,
appears that the larger the | maolecular weight, tne Strofy, increase in salt concentration results in a decrease in the
ger is the effect of salt on its hydrodynamic radius.

repulsion between charged groups of the channel and PEG,
which makes the hydrophobic protein-PEG attraction stron-
PEG is not an inert probe of the a-toxin channel ger. Under these conditions the attraction between PEG and

at high salt concentration

PEG-protein interactions were demonstrated about 10 years TN
ago. For example, the thermal transition temperature for 15l .‘ % ¢ ® =" mxci ||
several proteins is lowered in the presence of PEGs (Lee )
and Lee, 1987; Arakawa and Timasheff, 1985). It was > 1l A
c
i.l_—.
2.2 057 J ]
£ @ Pegisoo
; 2 1] PEG4000 or —— -
=
Sis —a SUSPES X SIS
E 0 0.5 1 15 2 25 3
o 1.6 Hydrodynamic Radius, nm
£
©
g 14 FIGURE 5 Dependence oF”" (symmetrical polymer addition) on
'§ 1.2 polymer hydrodynamic radii in 0.1 MA) and 1.0 M @) KCI solutions.
=4 ) ﬁ—.?_._‘.——‘_— Arrows indicate the radii of the pore openings].26 nm and~1.44 nm)
r q estimated in 0.1 M and 1.0 M KCI. 0.1 M KCI): Values ofF*°"in the
0.5 1.5 25 3.5 4.5 presence of PEG3000, PEG3400, and PEG4600 were used to draw the
Concentration of KCI, M/l horizontal line. The slope was fitted with two straight lines. To draw these

two lines, the values df*°™" for PEGs with radii ranging from 0.6 to 0.78
FIGURE 4 Dependence of the hydrodynamic radii of PEG1%0and nm and from 0.94 to 1.22 nm, respectively, were used. 1.0 M 1@ (
PEG4000[(J) on KCI concentration. Hydrodynamic radii were determined Values of F°°™" in the presence of PEG3000, PEG3400, PEG4600, and
by viscometry as described elsewhere (Schultz and Solomon, 1961). EadPEG8000 were used to draw the horizontal line. The slope was fitted with
value is the mean of five or six separate experiments. The error bars arene straight line, using the values@™"for PEGs with radii ranging from
equal to or smaller than the symbols used. 1.05 to 1.44 nm.



3030 Biophysical Journal Volume 77 December 1999

thea-toxin channel deforms the polymer-filling dependence In what follows we will analyze the equilibrium polymer
on polymer hydrodynamic radius. As a result, the maximunpartitioning rather than the filling factor. The calculation of
size of the channel openings seems to exceed that obtaindae equilibrium polymer partitioning from the channel con-
at 0.1 M KCI. ductance relies only on assumption 1 (see Materials and

Interestingly, even at small salts (0.1 M KCI) symmetri- Methods), at least for the pores that can be approximated by
cal application of PEG vyields a dependenceR3f" on  a regular circular cylinder. (Although the-toxin channel
polymer weight, which shows only a hint of the intermedi- pore does not fall into this category, it is clear that any
ate invariant partan arrow with a starin Fig. 5), while it  deviation from the regular shape leads to a broadening of
is clearly seen in both th&® and F@"s dependencies the transition between freely penetrating and completely
(compare to Fig. 2). This observation emphasizes the difsterically excluded polymers. We will see that this transition
ference between the methods of symmetrical and asymmeis actually anomalously sharp.) Experimental points for the
rical polymer probing. At symmetrical application the fill- polymer partitioning (Fig. 6) were calculated from the data
ing is less sensitive to the geometrical features of than Table 1 ¢°°andy columns) ap(w) = (9o — 9(W))xo/
channel pore. (Xo — x(W))go- This relationship follows from equation 3 of
Bezrukov et al. (1996) if we neglect the effect of PEG on
salt activity.

In the case of dilute polymer solutions their partition
coefficient, defined as a ratio of polymer concentration in

On the physics of polymer partitioning into a
channel pore

The qualitative picture of polymer partitioning into channel

pores is intuitively clear: water-soluble polymers whose

characteristic sizes are much smaller than pore diameters

can easily enter them; large polymers are excluded from A

pores because of entropic or, for polymers comprising bulky ' f ' ! ! !
monomers, for steric reasons. Quantitative description, Scaling
however, is not that easy because a number of factors )
governing polymer distribution between the bulk and the
pore are poorly understood. This holds true even in the case
of symmetrical polymer application, when one is allowed to
talk about equilibrium polymer partitioning.

The sharp dependence of the PEG partition coefficient on e
polymer molecular weight found for thetoxin channel in OKT
several previous studies (Krasilnikov et al., 1992; Korchev 0.0 - 7
et al., 1995; Bezrukov and Kasianowicz, 1997) could not be ! ! I ! { I
rationalized within the scaling theory approach (Bezrukov 00 05 10 15 20 25 3.0
et al., 1996) and was attributed to polymer-pore attraction. Hydrodynamic Radius, nm
Experimentally, this attraction manifested itself by an
anomalously high level of low-frequency PEG-induced
fluctuations and a pronounced PEG-induced reduction of ' ' ' ' ' '
channel conductance that exceeded the PEG-induced reduc- Hard Spheres
tion of the bulk solution conductivity. In other words, poly-
mer-pore attraction was made evident by a dramatic slow-
down in PEG translocation within the pore and by
significant accumulation of small PEGs in the pore
(Bezrukov et al., 1996).

The results of the present study, which uses salt solutions
of reduced concentration (0.1 M KCI vessd M salts in
previous studies), do not indicate any substantial accumu- 0.0
lation of small PEGs in the pore. As seen from Table 1, even ! ! ! I L !
for the smallest molecules used, the effect of PEG on 00 05 10 15 20 25 3.0
channel conductance in this case never significantly exceeds Hydrodynamic Radius, nm
its effect on bulk solution conductivity. Correspondingly,

Fig. 5 shows that the filling factor saturates at a value ClOSEIGURE 6 Polymer partitioningp, for symmetrical PEG application as
to unity, as compared to the filling factor at the high salta function of polymer hydrodynamic radius measured for 0.1 M KCl
concentration (1 M KCI), where it goes well above 1.5. bathing solution4) in comparison with two theoretical predictions (—),

. . . which account for polymer-polymer repulsiom)(The scaling approach;
Nevertheless, polymer partitioning is again much SharpefB) the hard sphere approach. The different lines correspond to different

than scaling or har(_j'Sphere approaches would predict fafycess free energies of polymer-polymer repulsibg,used in Egs. 8 and
dilute polymer solutions. 10, correspondingly.

>
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the poren,, to polymer concentration in the bulk,,, can  etry. It gives a much broader transition between complete
be found from the polymer chemical potential balance. Foexclusion and significant penetration than our experiment
the polymer chemical potential in the bulk we have suggests.
PEG solutions at the 20% weight/volume concentration
to = KTIn Ny, (1) used in the present measurements can hardly be considered

wherek andT have their usual meanings of the Boltzmann© be diluted. Indeed, osmotic pressure data for PEG (Par-
constant and the absolute temperature. The chemical potef€9ian et al., 1986) at these high concentrations suggest that
tial of the polymer in the channel pore or in any other POlymers are no longer in the pure dilute regime. Rather,
water-filled cavity will differ from its value in the bulk, thiS concentration is very close ", the characteristic
even in the absence of any specific interactions betweefOncentration that separates the dilute from the sem_|d|Iute
monomers of the polymer molecule and the channel poré&egime. Polymer gyration volumes start to overlap, intro-
interior. This is due to configurational/translational limita- ducing significant entropic polymer-polymer repulsion. If
tions imposed by a cavity. A polymer molecule confined by We estimate an excess free enegy,, due to this repulsion
the channel pore has lower entropy than its counterpart iRer Polymer molecule for 20% PEG1000 solution, we end
the bulk. up with a value exceedingkI. We use a deviation of

In the scaling theory approach for a polymer moleculePolymer-induced osmotic pressure at this concentratiqn
trapped in an infinite cylinder of radiuR we can write (de (http://aqueous.labs.brocku.ca/osfile.html) from the osmotic

Gennes, 1979; Grosberg and Khokhlov, 1994) pressure calculated from the ideal van't Hoff latlLI, and
polymer gyration volumey,, to obtain®,, = v Al Effec-
pp” — KTIn n, o« N(a/2R)*", (2) tive entropic repulsion between polymer molecules charac-

i ) terized by this energy can have significant consequences for
wherea is the segment (Kuhn'’s) length ahtis the number olymer partitioning.

of segments in the molecule. (While the result of the scalingf) This question was recently explored in lattice computer

thes)ry used in Eq. 2 has been obtained f_or Iong.pores Witgimulations of semidilute polymer solutions in confined
radii much smaller than the polymer gyration radius (stronggeometry by Wang and Teraoka (1997). It was shown that
confinement), a recent molecular dynamics simulatio artitioning of model “polymers” withN = 100 into a
study by Boyd etal. (1996) shows an analogous dependen%%rrow slit could be enhanced by a factor-e20 in com-

in the case yvhere the r:_;mdu of thg pore and polymer are ,Closﬁarison to dilute solutions when the polymer concentration
(weak confinement). Fitting their results to Eq. 7, derlvedin the bulk approached®.

from Eq. 2 with N replaced byN”, we obtainy = 0.8.) To introduce this effect in our consideration, we will

Usmg the relat|on§h|p between polymer hydrOdynamICalassume the simplest possible relationship between excess
radius and the chain length,

free energy of polymer-polymer repulsion and polymer con-

ry o aNs, (3)  centration®,, = n, thatis, basically accounting for the first
virial coefficient only. We checked this assumption against
we obtain simulation data by Wang and Teraoka and, by adjusting
sc_ 5 parameted* in ®,, = ®*(n/n*), we obtained a reasonable
pp = KTl n, + B(r/R) ! ) agreement fob* = (5-7KT. For simplicity, we will also
where B is a factor that cannot be evaluated within theignore the dependence df, on the polymer molecular
framework of the scaling approach. weight.

The partition coefficient is defined as the ratio of the ~We write the polymer-polymer entropic repulsion correc-
equilibrium polymer concentration in the pore to that in tion to chemical potential in the form
bulk and is obtained by equating polymer chemical poten- ,
tials, that is Y Py i W=t (@M)n, (7)
where u is given by Egs. 1 and 4 and is n, or np,
(5)  correspondingly. Conditiop, = w, then gives the follow-
ing equation for the partition coefficient:

p:&
Ny

atu, = wy, This gives the following simple expression for sc sc _ B 5
polymer partitioning: P> ex(Pp°>C — Do)/KT] = exd —B(r/R>*],  (8)

SC_ _ 5/ where®, = (¢*/n*)n, is an excess free energy of polymer-
P exl ~ B(ry/R*7] © polymer repulsion at the bulk concentration.

Fig. 6 A shows a comparison of experimental data for 0.1 Fig. 6 A shows that at an increased repulsion (highgy
M KCI and the predictions of Eq. 6 (the curve fdy, = 0).  the partition coefficientp®C, is mostly shifted to higher
The pore is chosen to be a long cylinder of 1.3 nm radiuspolymer weights without changing its sharpness apprecia-
B = 2.8. It is seen that the scaling approach is not able tdly. All curves are calculated fdR = 1.3 nm and3 = 2.8.
describe the sharpness of partition coefficient change witlusing 8 as an adjustable parameter improves fitting; but,
PEG weight, even in the case of a simple cylindrical geom-even at®, = 7KT, it is impossible to choose a value pf
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that would generate a curve describing, within the datacally applied polymers (Krasilnikov et al., 1998) is a prom-
accuracy (the size of symbols in the figure), more than twasing structural tool for examining ion channels in their
points in the dispersion region of 0.75 nmr > 1.7 nm.  functional states.

Thus the scaling approach does not allow us to rationalize

our data, even when polymer-polymer repulsion is included _ _ ;
in the model We are grateful to V. Adrian Parsegian, Sasha Berezhkovskii, and Donald

. o Rau for enlightening discussions and for reading the manuscript. We thank
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partitioning (e.g., Colton et al., 1975; Boyd et al., 1996), theHungerer for the gift ofx-toxin.

correspondlng chemical potential for dilute solutions can berp; study was partially supported by the Conselho National de Desen-
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